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ABSTRACT 
Data o b t a i n e d  from UHF Kadar o b s e r v a t i o n  o f  d i r e c t - l t g h t n i n g  s t r i k e s  t o  t h e  NASA F-106B a i r -  
pldlle have i n d i c a t e d  t h a t  most of t h e  690 s t r i k e s  a c q u i r e d  d u r i n g  d i r e c t - s t r i k e  l i g h t n i n g  t e s t s  
were Lr igge red  hy t he  a i r c r a f t .  As an a i d  i n  u n d e r s t a n d i n g  t h e  t r i g g e r e d  l i g h t n i n g  p r o c e s s ,  a wide 
bandwidth e l e c t r i c  f i e l d  measur ing  sys tem was des igned  f o r  t h e  F-106B by implement ing  a clamped- 
d e t e c t i o n  s i g n a l  p r o c e s s i n g  concept  o r i g i n a t e d  a t  t h e  Air Force Cambridge Research  Lab i n  1953. 
The d e t e c t i o n  scheme comhines t h e  s t g n a l r  from complementary s t a t o r  p a i r s  clamped t o  z e r o  v o l t s  a t  
t h e  e x a c t  mOrnenL when each  sLator pair  is maximally s h i e l d e d  by t h e  r o t o r ,  a p r o c e s s  t h a t  r e s t o r e s  
t h e  dc l e v e l  lost by t h e  c h a r a r  a m p l i f i e r .  The new sys tem was implemented w i t h  f o u r  s h u t t e r - t y p e  
f i e l d  m t l l s  l o c a t e d  a t  sLr ; rLrg lc  poin ts  on t h e  a i r p l a n e .  The bandwidth of the new s y s t e m  was 
deLermlned i n  Lhe l a b o r a t o r y  to  be from dc Lo n v r r  100k H z ,  whereas  p a s t  d e s t g n s  had upper  l i m i t s  
of 10 Hz t o  LOO Hz. To o b t a i n  the u n d i s t u r b e d  e l e c t r i c  f i e l d  v e c t o r  and L o t a l  a i r c r a f t  c h a r g e ,  t h e  
a i r b o r n e  f t e l d  m i l l  s y s t e m  is c a l l h r a t e d  by u s i n g  t e c h n i q u e s  i n v o l v i n g  r e s u l t s  from ground and 
f l t g h t  c a l i b r a t t o n s  of t he  F-lObB, l a b o r a t o r y  tests of a m e t a l l i z e d  model, and a f i n i t e - d i f f e r e n c e  
time-domain e l e c t o m a g n e t i c  computer code. 
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NASA I,AN(;I.EY KESEAKCH CKNTt;K has been f l y i n g  ati 
F-lOhB de l t a -wing  a i r p l a n e  i n t o  thunde r s to rms  t o  
e l i c i t  l i g h t n i n g  s t r i k e s  and r eco rd  t h e  e l e c t r o m a y -  
n e t i c  i n t e r a c t i o n  w i t h  t h e  a i r c r a f t  f o r  t he  purpose  
of d e f i n i n g  L I I P  t h r e a t  t o  a i r c r a f l  ( I ) * .  Sever- i l  
add i t  tonal i*x1)'. r i  merits were .itso onho.ird,  i n r  l ud i  n): 
f o u r  s h u t t e r - t y p e  1 i e l d  m i l l s  f o r  Le le ine te r ing  L l i e  
e l e c t r i c  F teld r o n d i t i o n s  of thunde r s to rms  t o  h e l p  
i d e n t i f y  a c t i v e  c e l l s .  
For the  r e s e a r c h  f l i g h t s  be fo re  1985, t h e  f r e -  
quency range of t h e  e l e c t r i c  f i e l d  measiirements on- 
board t h e  F-lObB r e s e a r c h  a i r p l . i n e  was l i m i t e d  L O  
10 Hz by the  r e c t i f i e d ,  h e a v i l y  f i l t e r e d  s i g n a l s  
o b t a i n e d  from t h e  f i e l d  m i l l s .  However, wide 
bandwidth e l e c t r i c  f i e l d  measurements were needed by 
r e s  e a  r che r s 1 i g h L n i ng 
p r o c e s s e s  which had been observed  by a UHF r a d a r  
exper iment  ( 2 ) .  A new sys tem w i t h  f a s t e r  r e sponse  
t imes  was des igned  and h rcadboarded ,  hut t he  d e v e l -  
opment of t h a t  des ign  led t o  t h e  i n v e s t i g a t i o n  of a:) 
unusua l  d e s i g n  which had heen inven ted  many y e s r s  
ago and which h e l d  t h e  prninise  nf a n  e x c e p t i o n a l l y  
h igh  f req i i rncv  r e sponse .  Both c i r ( . i i i t  designs, 3 s  
w e l l  a s  n d i f f e r e n t  e l e c t r i c  f i e l d  s e n s o r  (:he 
m i l l ) ,  werc event i ia l  l y  i n c o r p o r a t e d  i n t o  the f l i g h t  
t n s t rumen taL ion .  As can be seen  i n  Fig.  1 ,  both 
c i r c u i l  d e s i g n s  s h a r c  a common p r e a m p l i f i e r ,  hut use  
two d i f f e r e n t  c le tecLion schemes. The f i r s t  employs 
a synchronous d e t i , c t i o n  scheme used s u c r e s s f u  I l y  f o r  
many y e a r s  hy tlrr I'liysics IkparLment of New Yexico 
I n s t i t u t e  of Minir i j :  and Technology ( 7 ) ,  h u t  modi f ied  
t o  o h t a l n  an I i p d a t r ,  r a t e  o f  ove r  2 0 0  I l z ;  whi le  the, 
s econd ,  i t i v i . n ~ t 4  by Dr. I,. G .  Smith o f  L t w  Air  Force  
Cambridge Kescarch I .ahora tory  and d e s c r i b e d  i n  195&,  
uses t h e  p r i n c i p l e  of t h e  s o - c a l l e d  slow an tenna  fnr 
n h t a i n i n g  f r eq i i enc ie s  above 2 0 0  Hz and zero-c lamping  
f o r  r e s t u r i n g  t h e  Low-f reqtiency componenLs uf t h e  
e l e c t r i c  f i e l d  ( 4 ) .  The reference sLaLt.q an upper 
f r rq t iency  of L2k t l z .  The N e w  Mexico I n s t i t u t e  of 
\! ining ami TechiivloKy d e s i g n  was f a i t h f u l l y  c o p i e d ,  
h r i i  Dr. S m i t h ' s  desiKn was conver t ed  t o  s o l i d  s t a t e  
t echno logy  from L!ic o r i g i n a l  d e s i g n  employing vacuum 
tuhes .  
s L I I  d y i ng a i r c r a f L - i n i : i a L e d 
F I E L D  MII.I. w s w y  ! ) I I S C K I P T I ~ I N  
A f l e l d  l l i i l l  sys tem c o n s i s t s  of A srnsor. . *  
( i i a r g e  i impl i  f i v r ,  iiild ii s i q n a l  dG:tv,~cor. ' l l r < ~  
sensor ,  i i l : io rl'l c*rri*cl ti) iis .? f i t & l d  i m i  I I ,  r o n s i 5 t s  
o f  sevt.r;il S I  . i t  ic)iiriry ch.ir):c 1t.1-t i i i g  p l a t i ~ s ,  
r e f e r r e d  L o  , I < ,  s t ; i to r . ; ,  . I  ~:roi i i idi~t i ,  rot i i t  i ilk: 
s h u t t e r ,  k i i o w i i  . is L h t s  r n t o r ,  tli.it s l i i e l ~ l . ;  t h i .  
s t a t o r s  l r o u i ,  . 1 1 1 . 1  t ' x i i r )s * 's  t1i t .m I o ,  LIit .  t*I t ,cLrir '  
l l e l d  which c , x i s f s ,  . i t  t h ; i t  l o c a t i o n ,  . i i i r i  , I  m t ) t o r  t o  
d r i v e  Lh t>  r o l , ~ r .  'I'lit.  sci isor  i s  i n s t i l l l e d  ~ I I  L h c ~  
a i r p l a n e  s o  LII;IL tht ,  st.itor.; a r e  p a r a l 1 < ~ 1  wi th  t h e  
s k i n  of t h e  a i  rp l a rw  .and Llie rc)Lnr is f l u sh  w i L h  t h e  
o u t s i d e  s u r f a c e  of t he  a i r p l a n e .  1 .oca t ions  of Lhc 
f o u r  s e n s o r s  on :he a i r p l a n e  a r e  shown i n  Fig.  2 .  
The va ry ing  expnsiire of t h e  s t aLors  t o  t h e  F i e l d  
causes  f i e l d s  of a l l  f r e q u e n c i e s  t o  he modula ted ,  
i n c l u d i n g  c o n s t a n t  f i e l d s ,  w i t h  an a p p a r e n t  modu- 
l a t i n g  s i g n a l  whose peak va lues  are  1 and n. These 
c o n d i t i o n s  a r e  i l l u s t r a t e d  i n  F igs .  3 and 4 w i t h  
s i m u l a t e d  s t a t o r  f i e l d s  f o r  d a t a  f r e q u e n c i e s  below 
and above the  modula t ing  f r equency ,  r e s p e c t i v e l y .  
Commonly used d e c t e c t i o n  schemes r ecnve r  on ly  
* Numhers i n  parc-nt Iwsrs d e s i g n a t e  r e f e r e n c e s  ;it end 
of paper .  
f r e q u e n c i e s  from d c  t o  I O  H L  and f i l t e r  O U L  t h e  
r e s t .  A f o l l o w i n g  s e c t i o r i  d e s c r i b e s  a d e t e c t i o n  
scheme t h a t  p r e s e r v e s  a l l  f r e q u e n c i e s  up t o  t h e  
c u t o f f  of t h e  e l e c t r o n i c s .  
For g r e a t e r  n o i s e  immunity. t h e  cha rge  
a m p l i f i e r  i s  p r e f e r a b l y  lor,rttld c l o s e  t o  tlie s e n s o r  
and i s ,  f o r  t h i s  d e s i g n ,  p l a c e d  i n s i d e  a sma l l  pre- 
a m p l i f i e r  package a long  wi th  ,i g a i n  a m p l i f i e r .  The 
s i g n a l  d e t e c t o r s  a r e  i n  a l a r g v r  e n c l o s u r e .  The a f t  
f i e l d  m i l l  i n s t a l l a t i o n  i s  shown i n  F igs .  5 and 6 .  
A n  AC-to-DC c o n v e r t i n g  power s u p p l y  f o r  t h e  motor i s  
a l s o  shown i n  F ig .  6 .  
ELECTKIC FIELD SENSOR 
An e l e c t r i c  f i e l d  s e n s o r  i s  shown i n  F ig .  7. 
The moving p a r t s  of t h e  s e n s o r  a r e  d r i v e n  by a d c  
motor which c o n t a i n s  a s h a f t  e x t e n d i n g  o u t  bo th  
ends .  The r o t o r  is mounted t o  one end of t h e  motor 
s h a f t  and t h e  sync  s i g n a l  s h u t t e r ,  t o  t h e  o t h e r .  
The r o t o r  is grounded through s l i p r i n g s  on t h e  motor 
s h a f t  by b rushes  i n  t h e  sensor case .  The e l e c t r i c  
f i e l d  s e n s o r  i s  mounted t o  t h e  a i r c r a f t  so t h a t  t h e  
grounded r o t o r  is approx ima te ly  f l u s h  w i t h  t h e  s k i n ,  
i i t i ~ l  t h e  r o t o r  end f a c e s  outward. The f o u r  s L a t o r  
sc.t:mt'nLs a r e  1 cm below t h e  r o t o r  and i n s u l a t e d  from 
t h e  grounded f i e l d  m i l l  c a se  by a 1.5 cm t h i c k  Kel-F 
(chlorotrifluoroethylene) s l a b ,  a m a t e r i a l  t h a t  has  
negllgible p i e z o - e l e c t r i c  and moisture a b s o r b i n g  
p r o p e r t i e s .  The rotor and s t a t o r s  are machined from 
norunagnet i c  s t a i n l e s s  s t e e l  t o  minimize e€  f e c t s  due 
t o  s u r f a c e  cha rge  and c o n t a c t  p o t e n t i a l  (5). The 
t o t a l  geomeLric s t a t o r  are:] is .0035 m2 of which 
ahout  lia1.f remains uncovered by Llie two-bladed r o t o r  
a t  any one time. Charge v a r i a i i o n s  ( t h e  modulated 
e l e c t r i c  f t e l d )  are conducted  Lo t h e  cha rge  ampl i -  
f i e r s  i n s i d e  t h e  p r e a m p l i f i e r  package th rough  RG174 
c a h l e  from th readed  rods  f a s t e n e d  i n t o  t h e  back of 
t he  s t a t o r  p l a t e s .  RG174 c o n t a i n s  n o n - p i e z o e l e c t r i c  
( p o l y e t h y l e n e )  d i e l e c t r i c .  However, t h e s e  c a b l e s  
were s t i l l  somewhat n o i s e - g e n e r a t i n g ,  and w i l l  be 
r e p l a c e d  t h i s  s eason  by low-noise c a b l e s  of a t ype  
t h a t ,  i n  bench t e s t s ,  produced on ly  h a l f  t h e  v i b r a -  
t i o n  induced n o i s e  of t h e  KG174 .  
The o p t i c a l  s w i t c h e s  a r e  mounted t o  Lhe s h u t t e r  
c o v e r ,  which is a d j u s t a b l e  f o r  a l i g n i n g  t h e  phase  
hetween sync  p u l s e  and s i g n a l  peak (or  z e r o ) .  The 
s w i t c h  i s  a commerc ia l ly  made u n i t  t h a t  c o n t a i n s  a n  
infrarcvl  photodiode  o p p o s i t e  a gap from a p h o t o t r a n -  
s i s t u r .  Whenever t h e  pas sage  of a s h u t t e r  b l ade  
i i i t t , r r t ipts  t h e  beam, t h e  t r a n s i s t o r  is swi t ched  o f f .  
C I , A M l ' k X  I ) U " C ' C l U N  
'This method of demodtil .+tion is c a p a b l e  of 
p<issing t r cquenc ie s  from dc t o  t h r  I i m i t s  imposed by 
t h e  p a r a s i t i c  c a p a c i t a n c e  i n  t h e  c i r c u i t s .  The 
method t a k e s  advan tage  of t h e  exposed s t a t o r  a r e a  
a c t i n g  a s  a s o - c a l l e d  slow an tenna .  Consequen t ly ,  
t h e  s i g n a l s  l e a v i n g  t h e  cha rge  a m p l i f i e r s  c o n t a i n  
i n f o r m a t t o n  c o v e r i n g  t h e  bandpass  of t h e  c h a r g e  
arnpli f i e r s .  
When Dr. L. G.  Smith d e v e l o p e d  h i s  d e t e c t i o n  
c i r c u i t r y ,  he a l s o  deve loped  a f i e l d  m i l l  d e s i g n  
t h a t  minimtzed f r i n g i n g  by hav ing  t h e  r o t o r  i n  c l o s e  
p rox imi ty  t o  t h e  s t a t o r s .  t he reby  p r o d u c i n g  t r i-  
angular-wave modula l ion .  The chang ing  cha rge  (q) on 
t h e  s t a t o r s  as they  were a l t e r n a t e l y  be ing  exposed  
t o ,  and s h i e l d e d  from, t h e  E - f i e l d  was l t n e a r l y  
r e l a t e d  t o  t h e  exposed s t a t o r  a r e a  ( A )  by q = E,AE. 
The two s i g n a l s  complemented each  o t h e r  because  as 
one s i g n a l  d e c r e a s e d ,  t h e  o t h e r  i n c r e a s e d  a t  t h e  
same ratr.  The t r i a n g u l a r  wave was composed of t h e  
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d c  and t h e  ac components which i n c r e a s e d  and de- 
c r e a s e d  i n  a m p l t t u d e  a t  t h e  same time. By add ing  
t h e  two waves,  t h e  s i g n a l s  were r e q t o r e d  t o  f u l l  
ampl i tude .  
Recaiise c l o s e  r o t o r - s t a L o r  s p a c i n g  c a u s e s  
wa te r - shor t  i ii): d u r i n g  Ll i~ indr rs torm Iimet r a t i o n s ,  i~ 
w t d r  s p ; i ~ ~ i i i ) !  0 1  , ipproxiin,itvly I c.m W.IS s c ~ l c c ~ ~ ~ c l  For 
t h v  F-l ( l111i  dtasi>f,~i. Thq, r t i s i i l t  in); C rtn>;iii): p r i i i luws  
s i n u s o l ~ i a l  m o d i i l . i t  i , ) r i  instc2;irl of t h e  p r e v l o u s l y  
d e s c r i h + v l  t r f  ; i i ipllar wave modu la t ion ,  and s i n u s o i d a l  
modulat lnn i:; iised in t h e  followink: e x p l a n a t i y n  of 
t h i s  d e t ~ c t  ion m~iLhod. 
If t h e  f i e l d  impinging  G)n t h e  stators of the 
f l e l d  m i l l  coiild he rne:lsurcd d t r t . c t l y ,  i t  would look  
l i k e  a s t n u s o i d  w i t h  a frequr,ncy of twice t h e  r o t o r  
r e v o l u t i o n  p e r  second and peaks  hounded hetweeii z e r o  
( s t a t o r  c ( ivered  by ru t i ) r )  and i n s t a n t a n e o u s  f l e l d  
s l r e n g t h  ( s t a t o r  uncovered  by r o t o r ) .  Examples of 
s i m u l a t e d  s t a t o r  s i g n a l s  are shown i n  F igs .  8 ( a )  and 
8 ( b ) .  These  s i g n a l s  can be d e s c r i h e d  m a t h e m a t i c a l l y  
by 
1 / 2 ( 1  + sin w c t ) E ( t )  ( 1 )  
and,  hecause  t h e  o t h e r  s t a t o r  is modulated w l t h  a 
180-degree phase  d e l a y ,  t h e  o t h e r  s i g n a l  c a n  be 
d e s c r t b e d  by 
1 / 2 ( 1  - s i n  w c t ) F . ( ~ )  ( 2 )  
f o r  ;I two-s t , i to r  p a i r  gi,oine:ry s u c h  a s  th i s  one. 
The f i e l d  s L r t ~ i i ~ ; t I i ,  E ( L ) ,  coiild he recovered  cum- 
p l e t e l y  it 111~- tun n u t p i i L s  co i i ld  he added. However, 
t h e  charf lv A m p 1  i f  i e r  til each  ch.liinc1 r e q u t  res A 
hleed-off r e s i s l o r  t h a t  hlock.; ,iny dc components;  i n  
e f f e c t ,  tl ie I / 2 E ( t )  component i n  b o t h  of Lhe ;\hove 
e q u a t i o n s  i s  l o s t .  r h i s  roml)nncnL can he p e r i o d i -  
c a l l y  restored hy i n t r o d u c i n g  .I c i  r c i i i t  t h a t  clamps 
t h e  qign.71 L O  z e r o  volt.; each  t i : w  the .;taLor t s  
maximally cove:r,.ii hy t h t a  r u t o r .  Fig.  9 is a h lock  
d i ag ram o f  a d i > t v ( : t  i n n  tr.c-hiliqtie t h a t  d o e s  j u s 1  
t h a t ,  ;11icI Vid. I O  s l i r ~ w s  tlie f o l l o w i n g  s t e p s  til Lht. 
p r o c e s s i n ) !  nf a s i g n a l  cnnta i i i i i ig  hot11 a d c  .ind aii 
ac cornpnnciit : 
( a )  'The .;i,:n,ils a t  the  d e l e c t o r  i n p u t s  w i thou t  
any dc  component;  
( h )  L l i e  c l n m p 1 ' 7 #  p i l s e . ;  synchronized i o  t h e  
r o t o r  p o s i t i o n ;  
( c )  t h e  rlaLa s i g n a l s  a f t e r  zero-c lamping;  
( d )  t h e  r e s t o r e d  s i g n a l  w i t h  b o t h  d c  and ac 
components.  
Fib:. I I  is  a s i m p l i f i e d  s c h e m a t i c  o f  t h e  
d e t e c t o r  witIimiL t h e  c I i d r ) y  amp1 t i t e r .  The oiiLpuLs 
from t h e  pre , i inpl t f  i e r ,  which cr i i i tnins  t h ~  cha rge  
a m p l i f i z r s .  .ir(i .ac-cnupIivi Lhrtiiigh CI and C2 to  thi. 
CMOS c l . i i l i l ) i  11): s w i t ~ ' h t ~ s .  Whciicvi:r Lht' s t a t o r  is  coni- 
p l v t v l y  s l i i o ~ l ~ l ~ ~ , l  hy thc ra)tor, L I I P  appropriate 
s w t t r l ~  v l o s c ~ ~ ; ,  thtsrchy inoine,iiL;iri I v  f o r c i n g  t h e  
s i g n a l  L I I  j ! r o l i i i r i .  K t . s i s tors  K I  arid K 2 .  t o g i - t l w r  
w i t h  C I  ,11i11 (;.? l>rr)vicil- .I I ~ ) I I I :  I i i n t .  1 - i )nst . int ,  w I i i 0 1  
maintain.; t l i e  r ) t  f s e t  u n t i  I t l i t .  rwxt s w i t c h  closure. 
Voltagv I I I I  1owa.r.; A I  ; i r i \ l  A?  provlclr  t h v  111~:Ii 
impedance- i s o  I ;it Io i i  from L I I P  s i i m i n i  11): s t a f : ~  .at i)lwra- 
t t o n a l  m n p l i l  i v r  A'%.  I ~ i r n i t t ~ ~ l  j:aln ; i i l . j i i s L m i * i i L  1s 
provided  Iiy I < $  .ind K4 L o  e n s u r e  that  Llie two s l e n a l s  
a r e  t r u l y  coinplcmrntary.  O u t p i ~ t  r e s i s t o r  H S  pro- 
v l d e s  A 3  w i t h  r a h l e  I s o l a t i o n  L o  p r e v e n t  s p u r i o u s  
o s c i l l a t t o n .  N e v e r t h e l e s s ,  a b u f f e r  a m p l i f i e r  ( n o t  
shown) was r e q u i r e d  a t  t h i s  o u t p u t ,  as well as a t  
t h e  o t h e r  O I J ~ ~ U L S ,  t o  d r i v e  the  l o n g  c a b l e  r u n s  t o  
the d a t a  r e c o r d i n g  sys tem.  F ig .  12  shows the 
d e t e c t o r  o u t p u t  for each  of t h e  s i m u l a t e d  i n p u t s  of  
F ig .  8. 
SYNCHRONOUS DETECTION 
The e lec t r ica l  s ignaLs  d e r t v e d  f rom the modu- 
l a t e d  e l ec t r i c  f t e l d  are sampled s e p a r a t e l y  a t  a l l  
p o s i t i v e  and n e g a t i v e  peaks. and h e l d  u n t t l  t h e  next  
sample  is o h t a i n e d ,  as showii i n  Fix.  13. The tiinin)! 
o f  Lhe sampl lng  Is cant rol l tad hy s y n c h r u i i i z e r  
s i g n a l s  d e r i v e d  from o p t i c a l  s w l t c h e s  t h a t  s e n s e  a 
chopper  wheel  d r i v e n  hy t h e  same motor that  t u r n s  
the r o t o r .  Phas ing  is s u c h  t h a t ,  when a s t a t o r  p a i r  
is f u l l y  exposed  or f u l l y  cove red ,  a s y n c  p u l s e  is 
g e n e r a t e d  which samples  the s i g n a l  a t  p o s i t i v e  and 
n e g a t i v e  peaks.  A peak v a l u e  of one  p o l a r t t y  is 
sampled and h e l d ,  r e p l a c l n ) !  t h e  o l d  peak b e i n g  h e l d  
I n  t h e  sample-and-hold ( S  6 ti) c i r c u i t ,  and d t f f e r -  
enced  w i t h  t h e  peak v a l u e s  ( o b t a i n e d  180 e l ec t r i ca l  
d e g r e e s  ea r l i e r )  bein): h e l d  i n  t h e  S 6 H c i r c u i t  
a s s i g n e d  t o  t h e  o p p o s i t e  p o l a r i t y .  Peak-to-peak 
v a l u e s  are o b t a i n e d  i n  t h i s  manner f o r  b o t h  s t a to r  
p a i r s ,  and  these v a l u e s  a r e  added t o  o b t a i n  the 
d e t e c t o r  o u t p u t .  'Chis OCCUKS twice p e r  motor 
r e v o l u t i o n  for  e a c h  s t a t o r  p a i r .  The summed o u t p u t  
is u n f i l t e r e d  t o  a s s u r e  "immediate" r e s p o n s e  of t h e  
sys t em t o  f i e l d  changes.  
A more d e t a i l e d  d i ag ram is  shown i n  Fig.  14 .  
CMOS s w t t c h e s  S 3  and S 4 ,  c o n t r o l l e d  by t h e  s y n c  
s i g n a l s  d e r i v e d  from t h e  ro to r - coup led  o p t i c a l  
s w i t c h e s ,  a l t e r n a t e l y  sample  t h e  modula ted  s i K n a l  
from o n e  of t h e  s t a t o r  p a t r s  a t  p o s t t t v e  and nrga-  
Live  peaks a t  t h e  same time t h a t  S 5  and S6 sample  
t h e  o t h e r  s t a to r  p a i r  a t  n e g a t i v e  and p o s i t i v e  
peaks.  C a p a c i t o r s  C 3  thrnrigh Ch h o l d  t h e  sampled 
v a l u e s  between s w i t c h  c l o s u r e s .  A guard  r i n g  a round 
each h o l d  l i n e  is d r i v e n  by t h e  l i n e ' s  s i g n a l  t o  
minimlze  l e a k a g e  from t h e  h o l d i n g  c a p a c i t o r .  
Vo l t age  f o l l o w e r s  A4 t h rough  A7 p r o v i d e  t h i s  d r t v e  
as well as i s o l a t l o i i  O F  t h e  c a p a c i t o r s  from t h e  
f o l l o w i n g  stages. The peak-to-peak v a l u e  of each  
stator s i g n a l  t s  d e r i v e d  by AH and A 9 ,  and the  sum 
of Lhese two v a l u e s  is o h t a i n e d  by A 1 0 .  
THE SYNCHRONIZER PULSE 
Two p u l s e  t r a i n s  time t h e  o p e r a t i o n  of  b o t h  
d e t e c t i o n  c i r c u i t s .  They a r e  i n  synchron i sm wi th  
t h e  r o t o r  and each  c o n s i s t s  o€ two equa l ly - spaced  
p u l s e s  p e r  rotor  r e v o l u t i o n .  The t w o  p u l s e s  I n  t h e  
second  p u l s e  t r a i n  are d i s p l a c e d  from t h e  f i r s t  by 
1 / 4  r e v o l u t i o n .  The synchronous  d e t e c t i o n  c i r c u i t  
u s e s  b o t h  p u l s e  t r a i n s  t o  sample  the s t a to r  s i g n a l s  
when e a c h  s t a t o r  p a t r  is comple t e ly  uncovered  and  
a g a t n  when t h e  p a i r  is c o m p l e t e l y  cove red  f o r  a 
sample  at each  peak. The clamped d e t e c t i o n  c i r c u i t  
iises b o t h  p u l s e  t r a i n s  L O  clamp t h e  s i g n a l s  t o  
ground o n l y  when each  s t a t o r  p a i r  i s  c o m p l e t e l y  
<.overed. The piilsi i  stxnal l a b e l e d  CLAMP A is 
i d t s n t i c n l  t o  SYNC B, and v i c e  v e r s a .  
'The two p u l s e  t r a i n s  a r e  g e n e r a t e d  by s e v e r d l  
c t r n i l t s  shown i n  Fig.  15 t h a t  s h a p e  s i g n a l s  which 
or i,: t n a t e  i n  t w o  t n t e r  r u p t e r - t y p e  o p t  t c a l  sui t c h e s  
mounted r a d l a l l y  on t h e  f t e l d  m i l l  body 90 d e g r e e s  
a p a r t .  A mechantcal choppcr .  w h i c h  c o n s i s t s  of two 
l o h r s  and is f a s t e n e d  11) the motor s h a f t ,  t r i g g e r s  
each  s w i t c h  twice par  r e v o l u t i o n .  The h i a s i n g  
ne tworks  on  t h e  p h o L o t r a i i s i s L o r s  I n  t h e  o p t l c a l  
s w t t c h e s  and c t r c u i t s  A l l  t h rough  A 1 4  are des igned  
t o  g e n e r a t e  square-waves  w t t h  fas t  rise and fall 
ttmes. The o u t p u t s  of  t h e  o p t i c a l  s w i t c h e s  are  
i s o l a t e d  from t h e  square-wave  g e n e r a t o r s ,  A 1 3  and 
A 1 4 ,  by v o l t a g e  f o l l o w e r s ,  A l l  arid A 1 2 .  U n i p o l a r ,  
TTL-compatible waveforms, f rom which one-shots  M1 
and M2 g e n e r a t e  t h e  s y n c  p u l s e s ,  are c r e a t e d  by D1, 
D2, and R6 t h rough  R9. 
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ORIGINAL PAGE IS 
OF POOR QUALITY 
OUTPUT F I L ’ N H  
The oil[ pi i t  from the synchronous  t l e m o i l t i l , ~ t  i o i i  
c i r c u i t  i s  s t t ~ I w i < c ~  responsive. I n  n r k r  L O  Iiavc 
t h e  capabi  11 t y  f i t  p r e s e n t i n g  A more c . > n v e n t i n n a l  Ly 
a p p e a r i n g  s i ~ i i i i l ,  al thoirgh of s lower  r e s p  )rise, :i 
IO-Hz, foiirLli-nr<Ier,  lnw-pciss a c t i v e  f i l t ( T r  was 
i nc luded  i n  t h e  sys tem.  I f  t h e  f i e l d  m i l l  sys t e :n  
can be madc s u f f i c i e n t l y  noise-immune f o r  f a i r -  
wea the r  f i e l d  measiirements. t h i s  f i l t e r  will be used 
a t  10 Hz or 1 Hz c u t o f f  (F ig .  16)  Lo f u r t h e r  . q u i e t  
t h e  s i g n a l s  d i i r i n g  c a l i b r a t i o n  f l i g h t s  ( 6 ) .  
CALI  B R A T I O N  
Two e l e c t r i c  f i e l d  r e g i o n s  of i n t e r e s t  on. o r  
a b o u t ,  t he  r ehea rch  a i r c r a f t  a r e  t h e  l o c a l  f i c l l d s  a t  
t h e  s e n s o r  l o c a t i o n s  a d  t h e  amhient f i e l d s  f a r  
enough from the  a i r c r a f t  t o  he u n d i s t u r b e d  by i t .  
The l o c a l  f i e l d s  a r e  expec ted  Lo be d i f f e r e n t  from 
t h e  ambient f i e l d s  because  t h e  a i r c r a f t  c a r r i e s  
charge  and i t s  shape  d i s t o r t s  t h e  amhitznt f i e l d  i n  
ampl t tude  and d i r r c t i o i i  by amnunts rlPitned by ,i 
m a t r i x  o f  c,iili.iricernt.iit roe1 t i r ie r i t s  ( form f a r t o r s ) .  
T h e r e f o r e ,  t 5 . i i . h  ri:): I o n  r<*rlii r c s  a 11 i t  t,.rtant c a  1 i h r a -  
t i o n  proccdiir+. .  1 , o i ~ ; i I  f i i s I , l . ;  w i  I t  hv ~ . . i I i h r a t e d  i n -  
p l a c e  on Ltio , i i t - p I , i i w  hy .ipplviii): .i knowii f i e l d  w t t h  
a high-voltar;c plat13 moi in t rd  par . i l  I c . 1  t o  t h e  Face of  
each  s e n s o r .  ‘This Iirocedrire a l s o  servt .s  as a p re -  
f l i g h t  check of the sys t ems .  
The enhancement coe f t  i c i e n t s  a i j  ( t h e  form 
F a r t o r s )  of t h e  s e t  of s imul t aneous  e q u a t i o n s  a r e  
qhown below i n  terms of ambient f t e l d s ,  F, a i r c r a f t  
r h ~ r g e ,  Q ,  and l o c a l  f i e l d s ,  E. The F - c o o r d i n a t e  
~ . v s ~ e m  is t h a t  of t h e  a i r c r a f t  ( F i g .  2) :  x is nose 
t<> t‘iil; y is r i g h t  t o  l e f t  wing t i p s ;  z is t o p  Lo 
hottom. F i e l d  m i l l  l o c a t i o n s  ( F i g .  2 )  a r e  d e s i g -  
nated  by l o c a l  f i e l d s ,  EA, E,., EK, EF l o c a t e d  a f t ,  
l e f t ,  r i g h t ,  and fo rward ,  r e s p e c t i v e l y ,  on t h e  air-  
p l ane .  
I i) reduce t h e  number of unknowns and c a l i h r a t i o n  
t l i ) : I i L  a t t i t u d e s ,  w e  t a k e  a d v a n t a g e  of a i r c r a f t  
symmetr ies  a t  t h e  Y- f i e ld  m i l l  l o c a t i o n s .  F i e l d s  
thc i t  impinge on t h e  face  nf seusors E, and EK i n  t h e  
5 i m c ’  d i r e c t i o n  have c o e f f i c i r n L s  OF t h e  same s i g n  
1 0 .  F i e l d s  t h a t  tmptnge on El, and ER i n  o p p o s i t e  
d i r e c t i o n s  have c o e f f i c i e n t s  of o p p o s i t e  s i g n  ( a 2 2 ,  
a32  f o r  F ). The f i e l d ,  Fy, has  no n e t  e f f e c t  on EF 
because  EF i s  l o c a t e d  on t h e  a i r c r a f t  c e n t e r l i n e :  
a s  Inany Fy f i e l d  l i n e s  e n t e r  a s  l e a v e  t h e  s u r f a c e  
( a b 2  = 0 for  Fy).  Apply ing  t h e s e  c o n d i t i o n s ,  t h e  
c o e f f i c i e n t s  can be r e d e f i n e d  a s  f o l l o w s :  
1 2 1 ,  a31 f o r  F,; 9 3 ,  a33 f o r  FL;  a24 ,  a34 f o r  
Y 
a21 = a31 a2 
a22 = -a32 = b2 
a23  = a33 = c2 
a Z 4  = = d 2  
“42 = I) 
W l i e n  t h e s e  and o t h e r  retlef ined  coef f LcienLs a r e  sub- 
s t i t u t e d  i n t o  t h e  above c q u a t i o n s ,  t h e  f o l l o w i n g  
cnli.incement coef f icienL m a t r t x  can be w r i t t e n :  
c3 
On t h e  one hand, t h e  immediate consequence  of t h i s  
symmetry is t h a t ,  i f  lefL and r i g h t  f i e l d  m i l l  
o u t p u t s  a r e  s u b t r a c t e d ,  t h e i r  d i f f e r e n c e  is propor-  
t i o n a l  p u r e l y  t o  Fy. On t h e  o t h e r  hand ,  t h e i r  sum 
is a f u n c t i o n  not  on ly  of Q,  bu t  a l s o  of F, and F,. 
To o b t a i n  t h e  enhancement c o e f f  i c i e n L  m a t r t x ,  
Lhrcc independent  c a l i h r a t i o n  schemes a r e  be ing  con- 
q i d e r e d .  Although a d i r e c t  c a l i b r a L i o n  of t h e  a i r -  
lplane is p r e f e r r e d ,  t h e  r e s u l t s  of all t h r e e  w i l l  
e s t a h l i s h  t h e  deg ree  of r o n f i d e n c e  (and pe rhaps ,  of 
e r r o r )  t h a t  can be p l aced  on t h e  r e s u l t i n g  c a l i b r a -  
t i o n .  They a r e  i n f l i g h t  c a l i b r a t i o n ,  s c a l e  model 
c a l i b r a t i o n ,  and computer model c a l i b r a t i o n .  
Z a e p f e l  - P a g e  4 
IN-FLIGHT CALCBRATION--Because t h e  d a t a  sys t em 
is n o t  a c c e s s t b l e  d u r i n g  f l i g h t ,  t h e  f t e l d  nil1 
e l e c t r o n i c s  a r e  p r e s e t .  and d a t a  from e a c h  f i e l d  
m t l l  channe l  is reco rded  i n d i v l d u a l l y .  The a i r p l a n e  
is f lown i n  a v e r t i c a l  amblent  f t e l d  a t  v a r i o u s  
a t t i t u d e s  ;11 a s a f e  a l t t t u d e  s o  t h a t  I t  receivc.s 
t n p u t s  from o t h e r  d i r e c t  ions t h a t  CAII*C* f i ( , l d  
v e c t o r s  L I I  gn LII z c r o  or L O  canct.1 i>ach other. I t  
1s a l s o  flowti l e v e l  i n  a v e r t i c a l  f i e l d  o f  known 
magni tude  provirlrd by a r e f e r e n c e  f l e l d  m i l l  1ocaLi.d 
on t h e  groiind nr borne  a l o f t  hy a t e t h e r e d  h.l l loon. 
t h e r e b y  p r o d u c i n g  d a t a  t h a t  c a l i b r a t e s  the 
z - d i r e c t e d  f t e l d  ( w i t h  r e s p e c t  LO the ;it r c r a f L  
a x i s ) .  From t h i s  d a t a ,  a s y s t e m a t i c  s e l e c t i o n  of 
d a t a  f o r  s p e c i f  l c  a i r p l a n e  a t t i t u d e s  which f o r c e  
i i n d e s l r e d  ambtent  f i e l d  components i n  t h e  above 
e q u a t i o n s  L O  z e r o .  a l l o w s  an  in-house deve loped  
computer program t o  c a l c u l a t e  t h e  enhancement coe f -  
f i c i e n t s .  T h i s  program is e q u i v a l e n t  to  a p r o c e s s  
d e s c r i h e d  in d e t a i l  by Kasemir ( 7 )  f o r  an  a i r b o r n e  
a n a l o g  computer which c o n t a i n s  a d d e r s  and s u b t r a c t -  
ers w i t h  w e i g h t i n g  f a c t o r s ,  e ,  which had t o  be 
a d j u s t e d  d u r i n g  a p p r o p r i a t e  maneuvers i n  f l i g h t .  A 
b lock  d iagram equivalent of t h e  program to  be used  
f o r  t h e  F-1065 a i r p l a n e  is shown i n  Fig.  18. Each 
w e i g h t i n g  f a c t o r  can  he c a l c u l a t e d  because  e q u a t i o n s  
d e r i v e d  from the enhancement c o e f  f L c t e n t  m a t r i x  
( e q u a t i o n  4 )  a r e  g r e a t l y  s t m p l i f l e d  by t h e  a p p r o p r i -  
a t e  a i r p l a n e  a t t i t u d e s .  Because each  f i e l d  m i l l  
o u t p u t  i s  a f i i n c t l o n  of t h e  t h r e e  ambtent  f i e l d  com- 
ponen t s  ond tota l  a i r c r a f  t ch.lr#e ( F x ,  FY. F,, 0 )  as 
descr ihec l  hy eqiiat i o n  3 ,  tht. pro#r,am hah La) i s o l a L ~ a  
t h e  v a r l a h l c s ,  F ' s  ani1 11, airil tht .11 s i i . l l t ?  t l i c w  f r t m  
t h e  r e c o r d i n g  sys t em L o  the r e f e r e n c e  vcr t iv : i l  
f t e l d .  I n  Fig. I8 each ; i r I d ~ , r - s u h t r a c t e r  oiitpiit.  I!, 
r e p r e s e n t s  ;I step i n  t h i s  i s o l n t l o i i  p r o c e s s .  llie 
o u t p i i t s  111, U3,  and 114 art? iio 1ongt:r func t tc )ns  of 
one or more t h e s e  v a r i a b l e s .  .1nd e a c h  of Lhr 
o u t p u t s  IJh, U7, and U8 is nu longer a f u n c t i ~ ~  of 
any h u t  t l i c !  r ies i  red ,  u n s c a l e d  v a r l a h l e .  WeiKli:ing 
f a c t o r s  P I 0  t h rough  P13 prov tde  t h e  p r o p e r  e i ig inecr -  
i n g - u n i t s  s c a l i n g .  The program was checked  by c a l -  
c i ~ l a t i n g  t h e  l o c a l  f i e l d s  d u r i n g  a s i m u l a t e d  c a l l -  
b r a t i o n  f l t g h t .  A v e r t i c a l  dmbienl  f t e l d  was 
assumed, and Lhe l o c a l  f t e l d s  were d e r i v e d  ustng 
enhancement c o e f  f t c l e n t s  o h t a i n e d  by E l e c t r o m a $ n e t i c  
A p p l i c a t i o n s  (Em), l n c . .  of Denver.  Co lo rado  from 
t h e t r  f i n i t e - d i f f e r e n c e  3-D computer  model of t h e  
F-lO6B. These  l o c a l  f i e l d s  were t h e n  s u b s t i t u t e d  
i n t o  t h e  in-house  computer  program t o  d e r i v e  en- 
hancement coef  f l c t e n t s ,  which reproduced  E M A ' s  coef -  
f l c i e n t s  c.xac:ly. The v a l u e s  of the P ' s  are l i s t e d  
i n  Tah le  I. However, because  W S L  of t h e  P's a r e  
c a l c u l a t e d  by u s i n g  P ' s  t h a t  have  heen c a l c u l a t e d  
d u r t n g  prcvto i i s  s t e p s ,  an i n i t i a l  measurement error  
i n c u r r e d  iii ;I r ca l  s i L i i a t t i m  may hta c i imula t lve .  
Ano th r r  m.i  j o r  dr.twh;irk L o  t h i s  c a l i h r a t  Ion mell i r~d is 
t h a t  the r l i ,~r) :v  d l s t r i h i l : l o n  r o e f f l r t t x n t s .  1 1 ,  rannot 
h e  ohtalntvl ;  . iILhoii#h L l i c  tsffects of cliar):cs r i l l  L l i r ~  
ambient  f i r l ~ l  cirmponents can hv i ~ l l m i n a L e d ,  ,*mI :I 
data cliaiiiwl that is prtqwrt ion i l l  umly to  diar):t* can 
he d e r l v c d ,  no ;ihsoIiiti* c , 1 l I h r a t l i ~ n  can  Ix. oht , i l i ied.  
I n  I le i i  01 l t ~ ; i s l l ) I c ~  dlrcct  miithods t o  o b t a i n  the, c l  
c o e f f i c i e n t s  L1irciiij;h t n-f l t g h t  tests,  s e v e r a l  a l t e r -  
n a t e  methocl:; a r e  helng piirsued. 
MOI)F:I. CALIBKATIONS--'These e f  f o r t s  w l l l  d e t e r -  
mine t h e  d ' s  t h rough  compar lson  of r e s u l t s  from 
scale model l a b o r a t o r y  tests,  From f u l l - s c a l e  ground 
tests o v e r  a un i fo rm ground p l a n e  w i t h  a n a l y t t c a l  
removal o€ ground p l a n e  e f f e c t s ,  and  trotn p u r e l y  
a n a l y t i c a l  c a l c u l a t i o n  of t h e  d ' s .  The scale  model 
tests t o  be per formed by EMA, Inc., i n v o l v e  t h e  h i g h  
v o l t a g e  c h a r g i n g  of a m e t a l i z e d  F-106 scale  model 
and measu r ing  t h e  c h a r g e  a t  t h e  f i e l d  m i l l  
l o c a t i o n s .  T h i s  t e c h n i q u e  w i l l  a l s o  he  used  t o  
de t e rmine  t h e  o t h e r  f t e l d  enhancement c o e € f i c i e n t s  
by immers ing  t h e  scale model i n  a un i fo rm e l ec t r i c  
f i e l d  i n  t h r e e  o r t h o g o n a l  o r i e n t a t i o n s .  The f u l l -  
scale  ground tests i n v o l v e  c h a r g i n g  t h e  a i r c r a f t  
w h i l e  i t  is parked  on , I  un i fo rm metal wire g r i d  
grtiiiiid p l a n e ,  de te rml i i l  ng charge from vol Lage and 
c a p a c i t a n c e  of t h e  a i r c r a f t ,  and c o n c u r r e n t l y  
r e c o r d i n g  t h e  f i e l d  m t l l  o u t p u t s .  Ground p l a n e  
e f f e c t s  w i l l  s u b s e q u e n t l y  he removed a n a l y t i c a l l y  
ustng t h e  3-U computer code. K e s u l t r  from t h e  above  
l a b o r a t o r y ,  f u l l  scale ,  and a n a l y t i c a l  approaches  
w i l l  be combined t o  a r r i v e  a t  a best estimate of t h e  
d c o e f f i c i e n t s .  
FLIGHT DATA 
Al though t h e  f i e l d  m i l l  d a t a  s y s t e m  was onboard  
t h e  F-106B f o r  the d u r a t i o n  of t h e  1985 t h u n d e r s t o r m  
s e a s o n ,  c i r c u m s t a n c e s  neve r  p e r m i t t e d  it t o  be ca l i -  
b r a t e d  f o r  ambient  f i e l d s .  Hence, t h e  d a t a  t h a t  are 
shown are f rom f i e l d  m t l l  o u t p u t s  a t ,  o r  a b o u t ,  t h e  
t i m e  of r e p o r t e d  s t r i k e s .  Fig.  19 shows t h e  o u t p u t  
of t h e  r i g h t  f i e l d  m i l l  f o r  t h r e e  examples  of  l i g h t -  
n i n g  a t t a c h m e n t s  to  t h e  a i r p l a n e .  For e a c h  example ,  
t h e  t o p  trace is t h e  o u t p u t  from the zero-clamped 
d e t e c t o r  r eco rded  on  a n  FM d a t a  channe l  w i t h  a f r e -  
q u r ~ i c y  r e s p o n s e  of 0 Hz to  10000 Hz and a modu la t ion  
index  of 2.2. The bot tom trace is t h e  o u t p u t  f rom 
t h e  synchronous  d e t e c t o r  r eco rded  on a n  FM c h a n n e l  
w l t h  a r e s p o n s e  of 0 HI. t o  250 Hz and a modu la t lon  
i n d e x  of 4. Before  and a f t e r  t h e  s t r i k e s .  a l l  i h r e e  
examples  show a much h e t i e r  d e f i n t t t o n  of the elec- 
t r i c  f t e l d  s t r u c t u r e  I n  time and m p l i t u d e  f o r  d a t a  
from t h e  zero-clamped d e t e c t o r  t h a n  from t h e  
syn rh ronous  d e t e c t o r .  
A t  times, however ,  (lata is h i g h l y  s u s p e c t ,  
p robab ly  deg raded  by t h e  t h u n d e r s t o r m  envi ronment .  
Causes  are s t i l l  s p e c u l a t i v e  but  two p o s s i b i l i t i e s  
may he t h a t  t h e  s t a t o r s  .ire a t  times s h o r t e d  by r a i n  
or  3 h i e l d e d  by co rona  or t h a t  t h e  c h a r g e  a m p l i f i e r  
is d r i v e n  i n t o  s a t u r a t i o n  by nearby  l i g h t n i n g .  Por- 
t i o n s  of Fig.  1 9 ( h )  and 1 9 ( c )  show u n r e a l i s t i c  be- 
h a v i o r  d u r i n g  and f o r  some time a f t e r  a s t r i k e .  
E i t h e r  sa turat ion of Lhe c h a r g e  a m p l i f i e r  because  of  
a n  e x t r e m e l y  large c o n c e n t r a t i o n  o f  c h a r g e  a t  t h e  
f i e l d  mill sensor or a t t e n u a t i o n  of t h e  s i g n a l  d u e  
t o  co rona  o r  r a i n  are p o s s t h l e  c a u s e s .  The appea r -  
ances o f  f a i r l y  p u r e  s i n u s o i d a l  s i g n a l s  of  approx i -  
ma te ly  200 Hz i n  t h e  zero-clamped d e t e c t o r  o u t p u t  of  
F tg .  19(b)  and ( c )  i n d i c a t e  t h a t  one  i n p u t  Lo t h e  
summing c l r c u i t  r e c o v e r s  s l i g h t l y  f a s t e r  t h a n  t h e  
o t h e r .  
SI MULATOK 
A f i e l d  m i l l  s i m u l a t o r  w d s  d e s i g n e d  and b u i l t  
to gt . i icrate  a s i g n a l  large enoiigh t o  p e r m t t  o h t a i n -  
i n g  t r equency  r e s p o n s e  c h a r a c t e r i s t i c s  of t h e  elec- 
t r o n l c  p o r t i o n  of t h e  t l e l d  m t l l  sys tem.  The d e v i c e  
I I R C S  t h e  i n p u t s  from n low-f r equency  s i g n a l  generd-  
tor w l t h  a d c  o f f s e t  f c a t u r v  fo r  d a t a  i n p u t s .  f , ( t ) ,  
and a v a r i a b l e - p h a s e  funcL Lon g e n e r a t o r  f o r  t h e  
r o t o r  modu la t ion  and the 5ync s i g n a l  I n p u t s .  Two 
m u l t i p l i e r s  w i t h  d i f f e r e n t i a l  i n p u t s  and a d d e r s  con- 
figured as shown i n  Fig. LO p r o v i d e  t h e  d e s t r e d  
f u n c t i o n s  of  e q u a t i o n s  1 and 2 ,  w i t h  f l , ( t )  simu- 
l a t i n g  E(t). The d i f f e r e n t i a l  i n p u t s  p e r m i t  t h e  
modu la t ion  f u n c t i o n ,  s i n  w C t ,  t o  b e  i n v e r t e d  t o  
produce  the r e q u i r e d  minus s i g n .  A s q u a r e  wave 
o u t p u t  f rom the v a r i a h l e - p h a s e  g e n e r a t o r  t h a t  i s  t h e  
same f r equency  as t h e  r o t o r  modu la t ion  p r o v i d e s  t h e  
s y n c  s i g n a l  no rma l ly  produced  by t h e  p h o t o - o p t i c a l  
s w i t c h e s  mounted f n  t h e  f i e l d  m i l l  s e n s o r .  
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Fig. 1 - F-106B f i e l d  m i l l  s y s t em b lock  d i ag ram 
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Fig. 2 - Meld m i l l  locations on P-106B research 
airplane and f i e l d  sign conventions 
Fig. 5 - Fteld m i l l  instal lat ion i n  F-106B access 
door (extertor) 
Data frequency: 10Hz 
Modulation frequency: 200Hz 
Ftg. 3 - Simulated lou-frequency stator f i e l d  
Fig. 6 - Field mill tnstallation t n  F-1066 access 
door ( interior)  
Data frequency: lOkHz 
Modulation frequency: 200Hz 
Pig. 4 - Simulated high-frequency stator f i e l d  
Fig. 7 - Electric f i e l d  sensor 
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Modulation frequency: 200Hz 
Sawtooth repetition: 30 Hz 
hlcdulation frequency: 2nOH7 
Field frequency: 5 kHz 
Fig. 8 - Examples of sLator signals (simulated) c2 
Fig. I 1  - Clamped detector circuit  diagram 
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s i a i o r s w  I Horizontal scale: 5 ms ld i v  Horizontal scale: 1 m d d i v  
Input A 
I volts 1 
Input B 
( volts) 
Clamp A 
(volts I 
Clamp 0 
(volts) 
Data: >> 200 Hz ac plus dc offset 
Modulation: 200Hz 
( a  I Before clamping 
Time - 
I Fig. 10 - Clamped detection 
( c )  After zero-clamping 
( d  I After summation 
Time - 
Fig .  12 - Clamped detector outputs resulting from 
IrnpiiLs o f  Ftg.  8 
amp 8 
I SvncA 
OUtPUt 
Fig. 13 - Synchronous detection block diagram 
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Fig. 14 - Synchronous d e t e c t o r  c l r c u i i  diagram 
( s i m p l t f t e d )  
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t 15V 
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-15V 
Fig. I 5  - Synchr(>ni%er pulse gencraior c i r c u i t  
dIagrarn ( s l m p l i  f i r d )  
Fig. 16 - 1-Hz, 4 t h  o r d e r ,  low-pass f i l t e r  
'I- 
o Rotor spinning 
A Rotor stationary 
0 Simulated sensor input 
Ftg .  17 - Frequency c a l l b r a t i o n s  
EA 
- f (  + Fx, + F , + Fz, + Q ) Y 
f( -Fx, + F , + Fz, 
Y 
EL 
ER 
f( -F , F , -Fz, + Q) 
X Y  
f( -Fx, -F , -FZ, + Q )  
Y 
Fib:. I8 - Rlock dlagra~n reprrsenLaLlon of compuLer code for i n f  l i ghL c a l t h r a i t o n s  
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( a )  F l ight .  85-033,  22:26:15 UT 
Fig. 19 - Comparisons of EK f i e l d  m i l l  sysLem oiiLpuLs: clamped d e t e c t i o n  ( t o p ) ;  synchronous d e t e c t i o n  (bottom) 
Fig.  20 - S i m p l i f i e d  s c h e m a t i c  of electric f i e l d  
s e n s o r  s i m u l a t o r  
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